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I. SUMMARY 

This report presents the re.'^alts of the acoustical measure- 
ments made by BBW undei"* Task Order Nc. 13 of the Master Agreement 
NASI-9559 at the NASA Langley Research Center ' s V/STOL Wind 
Tunnel. The purpose of these measurements v/as to supply NASA 
Langley operating personnel with the acoustical characteristics 
of the tunnel test section needed for the planning of acoustical 
measurements and to identify the major noise sources, .^llthough 
the contract called for only the acoustical evaluation of the 
open test section configuration , v;e also performed some prelimi- 
nary measurements in the closed tunnel configuration. The series 
of Tnea.surements performed included: 

1. Evaluation of the octave band ambient noise level in the open 
test section with the tunnel fan stationary. 

2. Evaluation of the octave band noise level in the open test 
section foi'’ various settings of the boundary layer suction fan 
vjith the tunnel fan stationary. 

3. Evaluation of the octave band noise level of the boundary 
layer belt for various belt speeds wich the tunnel fan stationary. 

^•1 . Evaluation of the octave band noise level of the driving fan 
in the open tunnel test section as a function of the air speed. 

5. Mapping of the sound field of an omnidirectional sound source 
of known acoustical poiver output in the open tunnel test section 
v;ith tunnel fan stationary. 

6. Measurement of the impulse response in the open test section 
and in certain other locations in the tunnel v/ith no airflow. 

7. Preliminary measurements of the spatial distribution of sound 
in the closed tunnel with no airflow. 
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Analysis of the measured data indicates that the open test 
section of the V/STOL Wind Tunnel has potential as an environ- 
ment for performing certain types of acoustical measurements. 
Hov/ever^ the validity of the test results v;ill depend upon the 
acoustical pov/er output, the radiation pattern, the frequency 
spectrum and the dimensions of the sound source investigated, 
the distance between source and microphone, and the directivity 
and air flow noise rejection capability of the microphone used. 
Accordingly, there are p-'-'actical limitations in the acoustical 
testing which can be performed. The data presented in this 
report provide the information necessary for planning such test- 
ing so that the results v;ill be valid. 

Since the boundaries of the open tunnel test section have 
widely differing acoustical characteristics, its room acoustic 
is very complex, as is clearly indicated by both the impulse 
response and spatial distribution of the sound field. The 
reverberant sound field in the open test section is far from 
being diffuse. This nondiffuse nature of the reverberant sound 
field does not permit the usual determination of the sound power 
output of an unknown source from the space-averaged sound pressure 
measured in the reverberant field. 

The sound po'wer -output and directivity pattern of noise 
sources located in the open tunnel test section can be determined 
only by measuring the intensity of the direct sound. In order 
that the microphone measure the true pressure of the direct sound, 
the sound pressure of the reverberant field, the pressure fluc- 
tuations generated by the airflow, and the sound pressure due 
to the operation of the various equipment (such as driving fan, 
boundary layer suction fan, ground belt, etc.), must be small 
compared v;ith the sound pressure of the dix'ect sound at all 
microphone locations. 
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Increasing the efficiency of the already present sound ab- 
sorbing treatment on the interior VM^all surfaces by removing the 
impervious surface layer, reducing the noise output of the boundary 
layer suction fan, and using special directive microphones with 
an ability to cancel the effect of flow noise are the measures to 
be taken to increase the radius within which meaningful acoustical 
measurements can be performed. 

The results of our preliminary measurements of the spatial 
distribution of the sound field in the closed tunnel configuration 
indicate that the total sound power output of an urf,cnown sound 
source placed in the test section could most pr-. bably be evaluated 
by measuring the sound pressure in tv/o properly chosen locations 
in the duct — one upstream and one downstream of the test section. 
Ho\vever, we recommend that the practicability of this method of 
sound pov.'er output measurements be further investigated, prefer- 
ably in a small scale model of the V/STOL Tunnel. The results 
of such a model study would be generally applicable to all closed 
circuit v;lnd tunnels. 
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II. DESCRIPTION OF 1HE TUNNEL 

A plan view of the NASA Langley Research Center's V/STOL 
Wind Tunnel is shown in Pig. 1. The closed circuit tunnel is 
driven by a nine-blade propeller of ilO-ft diameter powered by 
an 8000 hp AC motor capable of providing an air speed of 250 mph 
in the test section at 275 rpra. The length of the closed loop 
is 770 ft. 

To simulate takeoff and landing conditions, the test section 
is equipped with a boundary layer suction fan and a ground belt. 

The boundary layer suction fan removes the turbulent boundary 
layer built up on the tunnel floor before it enters the test sec- 
tion. Because the ground belt runs at the same speed as the air, 
a nev7 build-up of the turbulent boundary layer is prevented. The 
boundary layer suction is used up to 89 mph air speed (Q=20 Ib/ft^), 
while the maximum speed of the ground belt is only 3^ mph. So 
that the airflow in the test section is homogeneous and lov; in 
turbulence, the tunnel cross section at the upstream turning 
vane is large compared V7ith the cross section of the test section. 

In addition, a diffusing screen in placed between the upstream 
turning vane and the test section to break up any remaining tur- 
bulence, The tunnel test section can be used either in closed or 
in open configuration. The closed test section is 1^1.5 ft V/ide , 
21.75 ft high, and approximately 70 ft long. The open test sec- 
tion configuration is achieved by lifting the walls and ceiling 
of the test section enclosure up above the air stream. In this 
case, the air stream is surrounded by the stationary air in the 
large room enclosing the test section. 
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III. ACOUSTICAL ENVIRONMENT 

Sound generation by aerodynamic processes, such as vortex, " 
shedding of propellers, is an area vjhere experimental research 
is needed. For such aerodynamic processes, the presence of the 
DC airflow simulating the forward speed of the aircraft may con- 
siderably influence the sound pov;er output of the source. 

Since one can simulate real-life conditions much better in 
the test section of V/STOL Tunnel, v/here the DC flov/ can be con- 
veniently provided, than in stationary v/hirl towers, the acousti- 
cal environment of the test section is of particular interest to 
NASA personnel who plan to carry out such experimental research. 

Unfortunately, the V/STOL Tunnel, was not designed to be used 
for acoustical measurements. The auxiliary equipment is noisy, 
and there is no silencer or sound absorbing treatment in the path 
of air circulation vrliich would attenuate fan noise before it 
could enter the test section. Although the interior vmll surfaces 
of the te, 5 t section enclosure are lined vjith a 2 in. thick glass 
fiber blanket, an impervious layer of plastic, which serves to 
protect it, renders it acoustically ineffective, especially at 
high frequencies . 

The acoustically advantageous features of the tunnel are the 
lov; tip speed of the driving fan (tip Mach number 0.5 at maximum 
rpm) and the beneficial location of the fan relative to the test 
section (i.e., they are separated by two 90° bunds). Due to 
these acoustically advantageous features, the noise level of the 
driving fan measured in the open test section of the V/STOL Tunnel 
for a given air speed is still considerably lower than in the test 
section of the full-scale tunnel, where there is line-of-sight 
between the driving fan and test platform [53- 
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Because of the widely differing sound absorption ^^haracter- 
istics of the room boundaries, the MOund field in the open 'cest 
section 'is very complex. Sound v;aves radiated in the upstream 
and downstream direction enter the ducts and build up a rever- 
berant field there which, in turn, feeds sound energy back into 
the test section. Sound waves radiated toward the ’walls of the 
test section enclosure are partly absorbed and partly reflected 
by the wall, v^hile those radiated in the vertical direction 
practically become trapped between the floor and the raised 
ceiling of the test section. The presence of these two hard par- 
allel surfaces favors the buildup of standing waves and explains 
why the hall radius measured in tlie vertical direction is sub- 
stantially smaller than that measured in other directions. 

Because of these nonisotropic acoustical properties of the test 
section, there is no simple way to relate the space-averaged 
sound pressure level measured in the reverberant field of the 
open test section to the sound power output of the radiating 
sound source. Accordingly, the sound po’wer output of the source 
must be determined by measuring the direct sound. The presence 
of the reverberant sound field, the self-noise of the tunnel, 
and the f lov.'-induced pressure fluctuations, v.'hich Interfex'e vj'ith 
the proper measurement of the direct sound, set the lov/er limit 
of the sounci pov;er output of a source which can be evaluated in 
'the test section of the V/STOL Tunnel. 

The next section deals with that equipment which contributes 
to the self-noise of the V/STOL Tunnel. 
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IV. SELF NOISE IN THE OPEN TEST SECTION 

The sell noise of the V/STOL tunnel is the sum of the ambient 
noise determined by intruding construction noise, aircraft noise, 
and the noise of such auxiliary equipment as the boundary layer 
suction fan, ground belt drive, driving fans of the tunnel, air 
condjtionlng, leaky valves, etc. 

A. Ariioient Noise in the Open Test Section 

Figure 2 shov/s the octave band spectrum of the ambient noise 
measured in the open test n-ction with the tunnel fan, the boundary 
layer suction fan and the ground belt stationary. 

The upper curve corresponds to the normal condition v;hen the 
chiller, the oil circulating pump, and the air conditioning sys- 
tem are operational. The middle curve v/as obtained v;hen the 
chiller and air conditioning system were shut off but the pump 
was still operational. The lowest noise levels represented by the 
lowfer curve in Pig. 2 were obtained when the chiller, air con- 
ditioning and pump vjere shut off. Except in the 4000-Hs and 
8000-Hz center frequency octave bands where the ambient noise is 
controlled by leaky valves and gaskets, this curve represents 
the lowest noise level vjhich can be achieved in the open test 
section without airflov/. Viith proper noise control of the pump, 
the chiller, and the air conditioning system, the noise level in 
the open test section could be lowered by approximately 10 dB, 

Since the self-noise of the operational tunnel, even at low air- 
speeds, is expected to be above the normal ambient noise, such 
noise control measures will be required only if the open test 
section of tunnel is planned to be used for acoustical measure- 
ments v/ithout airflow*. 
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B. Self-Noise with the Ground Belt Operational 

The test section of the V/STOL Tunnel is equipped with a 
ground belt which runs at the same velocity as the air stream to 
simulate actual landing and takeoff conditions. Figure 3 shows 
the octave band spectrum of the noise level measured at 3 ft 
from the downstream edge of the ground belt as a functio>i of 
the belt speed with the tunne^. fan stationary. Due to the smooth 
running of the belt, the noise level is only slightly higher than 
the noise level of the cooling fan. 

Because the noise of the driving fans at the same air speed 
always exceeds the noise of the ground belt system, it is not 
necessary to reduce the belt noise. 

C. Self-Noise with the Boundary Layer Suction Fan Operational 

To remove the turbulent boundary layer v;hieh builds up on 
the tunnel floor upstream of the test section, the V/STOL Tunnel 
is equipped with a powerful suction fan taking in air through 
a slot running across the test section just upstream of the 
ground belt. The air Intake duct does not have any acoustical 
treatment so that the fan noise enters the test section without 
attenuation. Figure shov;s the octave band spectrum of the 
space-averaged sound pressure level in the test section for 
various typical operating conditions (i.e., dial settings 9-^j 
7-3i 6.1l and 4 and the corresponding pressure readings of 41. 5 > 
4l.5, 37«5and 33*5 in. H^O) of the boundary layer suction fan. 
The noise levels are excessively high, even exceeding the level 
of the driving fan noise. At a boundary layer gauge setting of 
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6.^1 and pressure gauge reading of 37 <5 in. H^O , we observed ver-.- 
disturbing resonance effects manifesting themselves in very hign 
sound pressure levels in the 31.5 Hz and 63 Hz center frequency 
octave bands (see Pig. ^1). Though our Instruments did not have 
the capability of measuring much belov/ 20 Hz, our observations 
indicate that there is a considerable amount of energy in pulsa- 
tions at frequencies even lower than 20 Hz. 

Since this high intensity noise of the boundary layer suction 
fan not only v;ill interfere v/ith planned acoustical measurements 
in the tunnel test section, but also v/ill interfere seriously 

t 

with the activities of the operating personnel in the control 
room, phe raise oontrol of boundary layer suction fan should 

have the .i„;est priority, 

D. Self-Noise with the Tunnel Fan Operational 

Except in the case v/hen the bounda 2 ''y layer suction fan is 
used, the noise level in the open test section of the operLi jonal 
tunnel is controlled by the driving fan and the noise created by 
the interaction of the flovi with solid boundaries. Our observa- 
tions in this tunnel and in other wind tunnels [i] indicate that 
propeller noise dominates the noise created by the flo'w passing 
the turning vanes. The octave band spectrum of the fan noise in 
the test section was measured simulataneously by three microphones 
as a function of the air speed. A Bruel & KJaer 1-in. microphone 
with nose cone [ 2 ] and a specially developed porous-pipe micro- 
phone [3] v;ere placed in the center of the air stream. Figure 5 
shovifs the levels measured by these two microphones after applying 
the proper corrections for frequency response and directivity . 

At low frequencies, up to 125 Hz, both microphones in the stream 
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measure the same noise level. Above 125 Hz, the Bruel & Kjaer 
microphone v;ith nose cone measures levels which, are as much as 
10 dB higher than that measured by the porous-pipe microphone. 

The higher levels measured by the nose cone type microphone 
a,re due to the sensitivity of this microphone to flovz-lnduced 
noise. This conclusion can be proven indirectly by comparing 
the noise levels measured by the porous pipe microphone in the 
stream with that measured by a random incidence microphone out- 
side of the streain as shov/n in Fig. 6. Except at the high fre- 
quency end of the spectrum, where the microphone outside of the 
stream -did not have llne-of-sight^ to the upstream nozzle, there 
is good agreement between the tvio sets of data. This agreement 
proves that the porous-pipe, due to its ability to reject aero- 
dynamically induced noise, was measuring the true sound pressure 
in the stream and that the microphone v?ith nose cone was limited 
by flow noise. Accordingly, the noise levels measured by the 
porous-pipe microphone have been used to evaluate the flov/ speed 
dependence of the driving fan noise in the open test section. 
Figure 7 shows the octave band spectrum of the driving fan noise 
measured in the middle of the stream for various air speeds. 
Analyzing the measured data in Fig. 7, v/e found that, as in the 
case of the full-scale tunnel [J], the octave band spectrum of 
the driving fan noise scales with the sixth power of the air 
speed. The data points tend to collapse if normalized as 

S?I'N (OCT) = SPL (OCT. U^p^) - 6o log,„ (U^pj,) (1) 

Where SPL^^ (OCT) is the normalized octave band sound pressure 

*At low tunnel speeds, where it was possible to place the micro- 
phone in a position just out of the stream with llne-of-sight 
to the nozzle, good agreement was also found at high frequencies. 
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level given in Eq. 1, SPL (OCT, '^inph^ octave sound 

pressure level measured in the open test section at an air 
speed of and is the tunnel speed normalized to 1 mph. 

Figure 8 shov/s the range and average value of the normalized 
octave band sound pressure level of the V/STOL Tunnel's open test 
section. Because the octave band sound pressure level in the 
test section, if normalized according to Eq. 1, seems to he an 
appropriate measure to characterize the self -noise for any wind 
tunnel. Fig. 8 also shows the respective normalized octave band 
spectrum of the Full-Scale V/ind Tunnel for comparison. As 
expected, the V/.STOL Tunnel, v;here the driving fan does not have 
direct line-of-sight to tlie test .section, has a lower normalized 
sound pressure level spectrum than does the Full-Scale Tunnel 
where the driving fari is located directly dovmstream of the 
tunnel test section and has direct llne-of-sight to the test 
platform. 

Considering the excellent correlation of the driving fan 
noise with the sixth power of the air speed, it is proposed that 
the normalized sound pressure level, as defined in Eq. 1, should 
he evaluated for various subsonic wind tunnels to rank oi’der 
them with respect to self-noise. 
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V„ SPATIAL DISTRIBUTION OF THE SOUND FIELD IN THE OPEN TEST 
SECTION 

In a well-behaved room where the sound absorbing v- , rnent 

is evenly distributed on the various wall surfaces, >. . nd 

pressure in the reverberant field and the sound pov.'er out- 

rev 

put of the source are related by Eq. 2. 


P 


2 

rev 


Sa+^lraV 


W. 


( 2 ) 


where PqCq is the characteristic impedance of the air; S is the 
total intericr surface area, a is the average energy absorption 
coefficient of the wall surfaces, m is the air absorption co- 
efficient vdiich depends on frequency and relative humidity [^], 
and V is the roo.m volume. 

In the direct field where the intensity of the direct 
sound is much larger than that of the reverberant sound, the 
sound pressure p(r) as a function of the distance from the 
acoustical center r is given by [i] 






-inr 




Airr ■ 


(3) 


where Q((j),0) is the directivity factor of radiation, defined 
as the ratio of the sound intensity measured in the direction 
defined by the polar and elevation angles t{) and 6 to the inten- 
sity which v;ould be measured at the same distance for an omni- 
directional source of the same power output. 
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The distance where the sound pressure of the direct field 
equals the sound pressure of the reverberant field, the so- 
called hall radius r^, is obtained by combining Eqs. 2 and 3j 
yielding 




Q((j’. C ) (Sa+<lm¥) e 
16ir 


-r-Hin 


"2 


(il) 


Since the sound field in the open test section of the V/STOL 
Tunnel is far from being diffuse, the hall radius cannot be 
calculated from Eq. , which is valid only for the diffuse 
case . 


To obtain a measure for the extent of the ?'’ea where the 
direct field of an omnidirectional source dominates the reverb- 
erant field, we measured the sound pressure level vs distance 
curves of a semi-omnidirectional sound source of knovm pov/er 
output. Vie used a loudspeaker system consisting of a regular 
twelve-sided polyhedron with an 8-in. diameter Altec Ii09 B 
speaker mounted in each face as a semi-omnidirectional source. 
This loudspeaker system was constructed and calibrated by 
Mr. Paul T. Soderman of NASA Ames^. A detailed description 
of the source and callbi’ation data can be found in Ref. 5* 

The dodecahedron sound source hung 7 ft and 10 in. above the 
floor near the center of the test section. The microphone was 

supported on a tripod 3h ft above floor level. The sound 

sour’ce \</as fed by octave bands of white noise. The voltage at 

the output terminals of the power amplifier was kept 8 V 

X’lTlS 

for each octave band. The sound field in the north, east, 


^ The author v;ould like to ;hank Mr. Soderman for making this 
calibrated sound source v. ctilable for this program. 
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south, v/est, and vertical directions were sampled at different 
distances. In analyzing the measured results, vje first normal- 
ised the octave band sound pressure levels to 10~^^ watt source 
power according to 

S?L^ (r) = SPL (r) - PWL , . (5) 

where SPL (r) is the sound pressure level in dB re 0.0002 
n 

pbar measured in distance r, and PWL is the pov;er level of the 
source. in dB re 10 watts. These normalised sound pressure 
levels then were plotted as a function of distance for each 
octave band for the various directions. As an example, Fig. 9 
shov'js the normalized sound pressure level vs distance curve of 
the west traverse measured in the 2000-Hz center frequency 
octave band. 

Figure 10 shows the hall radius vs frequency curve obtained 
from the measured data for the different directions. As 
expected, the smallest hall radius is obtained from the vertical 
traverse, because of the presence of the tv/o hard parallel sur- 
faces (i.e., the tunnel floor and the raised ceiling panel), 
favoring the bu"* Id up of standing weaves between these surfaces. 
The experimer.'i'ally evaluated hall radius peaks in the 250-Hz 
center frequency octave band where the sound absorption of the 
walls is maximum. 

To find an average value for the hall radius and gain .some 
information about the magnitude of scatter, vje plotted the data 
points for all directions and for all frequency bands (see 
Pig. 11). Considering the interference betv/een the sound v/aves 
v/hich reach the microphone by the direct path and those reflected 
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from the hard floor [4], the scatter Is not excessive. In the 
direct field the data points closely cluster around the theoret- 
ical value indicating that our sound source v;as omnidirectional 
and properly calibrated. The average value of the hall radius 
from Pig. 11 is l6 ft, which agrees v;ell v;ith the data presented 
in Fig. 10. 
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VI. IMPULSE RESPONSE MEASUREMENTS 

To ’provide the dynamic range necessary for proper evalua- 
tion of the impulse response, v;e used a small 10 gauge cannon 
as an Impulsive -sound source. The first series of impulse 
responses were recorded v/ith both the 10 gauge cannon and the 
microphone located at different points inside of the open 
tunnel test section. The recorded Impulse responses have been 
analyzed in octave bands. Figure 12 shovjs a typical impulse 
response obtained in the 63-Hz center frequency octave band. 

It shows deterministic fluctuations. The average timie interval 
between the successive peaks of the filtered impulse response 
closely corresponds to the time required for the sound wave to 
run once forth and back between the microphone and the raised 
ceiling panel (i.e., 2 x 21.5 ft), indicating the existence of 
a flutter echo betv>reen ohe two hard, fTat, parallel surfaces 
constituted by the floor and the raised ceiling panel. It is 
reasonable to assume that the small hall radius measured in 
the vertical direction is due to the presence of this flutter 
echo. No distinct reflections have been observed from areas 
of the tunnel outside of the test section^ 

Starting in the 125-Hs center frequeriGy octave band vjhere 
the wavelength of the sound becomes small compared vjith the 
dimensions of the duct cross section, the impulse response of 
the open tunnel test section exhibits a pronounced peak vjhich 
occurs 0.35 seconds after the arrival of the direct sound., 
indicating that a substantial percentage of the sound energy 
entering the downstream duct through the shroud is reflected 
back into the open test section from the flat rigid duct vjall 
at the first elbov/. (The 0.35 second transit time closely 
corresponds to this distance.) The upper graph in Pig. 13 is 
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represRntative for* the type of decay curves obtained in the 
frequency range between 125 Hz and 2000 Hz. Before the arrival 
of the reflected sound from the first dovjnstream turn> t.je open 
tunnel test section remains isolated from the rest of the tunnel ^ 
and the sound decays at a fast rate which is determined by the 
sound absorption of the Interior wall surfaces and by the povjer 
loss through the shroud and nozzle openings. 

After the arrival of the first reflected sound v;ave from 
the downstream elbow, the duct starts to feed energy back into 
the open test section. Prom this time on, the sound pressure 
in the test section decays at the slower rate characteristic 
of the lightly damped resonances of the air enclosed in the 
duct. It should be noted that the amplitude of the reflected 
wave for certain combinations of microphone and cannon locations 
in the test section vjas only 2 to 3 dB lower than the amplitude 
of the direct sound, especially in the 125-Hz center frequency 
band where the reflection is most intense. In the 2000-Hz 
center frequency octave band, the reflection is barely notice- 
able; in the ^000-Hz center frequency octave, as shown in the 
lovjer curve in Pig. 13 j one notices only a change in slope, 
indicating that 0.35 sec. after the arrival of the direct sound 
the ducts start to feed energy back into the open test section, 
and the decay rate becomes substantially smaller than during 
the first 0.35 sec. The transit time of sound through the 
closed duct loop is 0.63 sec. The recorded impulse response 
curves did not shov; at this time Interval any obvious peaks 
which would indicate a strong circulation of sound energy. 

The initial reverberation time of the open test section 
v;as evaluated from the average slope of the decay curves in 
the first 0.35 sec for the various octave bands and is plotted 
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as the lowest curve In Pig. , The reverberation time Is high 
at low frequencies, reaches a minimuni in the 250'-Hz and 500-Hz 
center frequency bands and increases again with increasing fre- 
quency up to iiOOO Hz. In the 8000-Hz center frequency band, 
it decreases slightly due to air absorption. 

To study the mechanism of the pov/er transfer between the 
sound field in the highly reverberant duct spaces and the more 
sound absorbing open test section, v;e made a second set of 
impulse response measurements with the cannon located in the 
duct near the downstream turning vane (Pos. 2 in Pig. 1) and 
the microphone in the open test section. The reverberation 
times of this configuration, evaluated in octave bands, are 
plotted in Fig. 14. Since in this case all the sound energy 
supplied to the test section must come from the highly reverber 
ant duct spaces, the microphone in the open test section regis- 
tered reverberation times as much as an order of magnitude 
higher than in the case when the cannon have been located in 
the test section. 

For the third set of impulse response measurements, both 
the cannon and the microphone were located inside of the duct 
near the first dov;nstream turning vane (i.e., in Pos. 2) to 
record the impulse response of the reverberant duct space. 

The reverberation times of the duct space as a function of fre- 
quency have been evaluated from the filtered decay rate curves, 
and are also plotted in Pig. l4 . Comparing the two upper 
curves, one finds that the reverberation times of the open 
test section are very similar to the reverberation times of the 
duct spaces, if all the sound energy of the open test section 
is supplied by the reverberant field of these duct spaces. 
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The recorded impulse response curves indicate that the 
room acoustic of the open test section is very complex. The 
insights gained about the nature of the power flow in the 
tunnel, by studying the impulse responses and the spatial 
distribution of sound for a steady-state sound source, are 
significant. Hov;ever, much more Information could be obtained 
by using a small-scale model of the tunnel vjhere systematic 
experimentation could be carried out at low cost and vjithout 
interference of the on-going test program in the V/STOL Tunnel. 
The results of such a scale-model study v/ould not only provide 
information valuable for the proper planning of acoustical 
experiments in the V/STOL Tunnel and other tunnels of similar 
geometry, but also v/ould yield information vdiich v/ould be 
useful for the planning of nev; wind tunnels to be used for 
acoustic testing. 
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VU. PREREQUISITES FOR PERFORMING VALID ACOUSTICAL 
MEASUREMENTS IN THE OPEN TUNNEL TEST SECTION 

As already concluded from the results of the impulse 
response and steady-state measurements, the reverberant sound 
field in the open test section is far from being a truly 
diffuse field. Accordingly, the sound power output of an 
unknovm source cannot be determined fx'om the space-averaged 
sound pressure level measured in the reverberant field. The 
only practical way to measure the sound power output and direc- 
tivity pattern is to perform sound pressure measurements on the 
surface of an imaginary sphere centered on the source location 
and having a radius v;lthin which the microphone is capable of 
measuring the direct sound with sufficient accuracy. The total 
sound pov^er output of the source is then obtained by integrating 
the squared rms sound pressure over the total solid angle Ilir; 
name ly , 

2'ff 7 { 

" 57 ^ 1 1 ‘"rms sine dSd^i , (6) 

(|)=0 0=0 

where ^ (^,0,r) is the rms sound pressure of the direct 
r*rns 

sound, measured in distance r from the acoustical center of 
the source and in the direction defined by the polar angle <|) 
and elevation angle 0. 

To assure that the microphone measures the direct sound, 
the following conditions must be fulfilled simultaneously: 

1. The measuring distance r must be small enough that the 
contribution of the reverberant field is negligible. 
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2. The intensity of the direct sound must be large compared 
v/ith.the self-noise of the tunriel. 

3. The microphone output due to the f lovi-induced pressure 
fluctuations must be small compared vjith the output signal due 
bo the true sound field. 

Assuming that the directivity of the source's radiation 
pattern is less or equal to that of the microphone and the 
required accuracy is 1 dB, Condition 1 is usually fulfilled if 
the measuring distance is equal to or smaller than ’he half 
hall radius. Since the average hall radius of the' open test 
section of the V/STOL Tunnel is l6 ft, the measuring distance 
v/ould be in the order of 8 ft or 'smaller. 

The data plotted in Pigs. 2, 3j 7, and 8 provides the 
necessary information to predict the self-noise v;ith an accu- 
racy sufficient to make an estimate whether Condition 2 will 
be fulfilled or not. 

It is very difficult to determine whether or not the 
microphone signal js masked by f lovj'-induced pressure fluctua- 
tion because the present state of the art in designing micro- 
phones with low sensitivity to convected pressure fluctuations 
is in the early stage of development. V/e have b-c.-en fortunate 
indeed to have the opportunity to use in our experiments one of 
the first porous-pipe microphones which have this capability 
of partially cancelling the effect of convected pressure fluc- 
tuations. Without this microphone, data obtained in the 
presence of flow v;ould have been incorrect. Unfortunately, 
the porous-pipe microphone as presently constituted possesses 
this flow noise rejection capability only if oriented exactly 
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parallel to the flov^. For other angles of orientation , the 
porous-pipe microphone does not possess any flov; noise rejection 
capability. Accordingly, if v/e v/ant to advance our knowledge 
as to how the presence of the flow influences sound generation, 
the development of microphones which have flow noise rejection 
capability for all angles of orientation in the flov/ must have 
high priority. 
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VIII. OBSERVATIONS MADE WITH THE CLOSED TEST SECTION 
CONFIGURATION 

Though not required by the present contract, we made some 
preliminary measurements for tl'.e closed test section configura- 
tion of the tunnel. We were motivated to do so because v;e 
suspected that the closed test section configuration might 
offer a simpler means to measure the pov/er output of an unknown 
source than would the open test section configuration. We also 
expected to gain some information about the process by v;hich 
the acoustic power is distributed within the various sections 
of the closed tunnel. 

We placed our semi-omnidlrectiGnal loudspeaker source in 

the center of the closed tunnel test section 7 ft and 10 in. 

above the floor and measured the octave band sound pressure 

level in the upstream and downstream direction as a function 

of distance. The speakers v/ere fed by a constant voltage of 

8 V . The tunnel, during these measurements, was stationary, 
rms 

The measured data for the downstream traverse are plotted 
in Pig. 15 3 ‘Which also shov/s a sketch of the measurement set- 
up. Figure 15 indicates that there is very little attenuation 
v;ith increasing distance, because all sound energy radiated 
by the source in the dovmstream direction remains confined in 
the duct. The small attenuation is due partly to the expansion 
of the duct cross section and partly to the loss of power 
through the duct vmlls and air absorption (the latter increasing 
v;ith increasing frequency). The most substantial loss occurs 
across the turning vanes, which provide a partial shielding. 
Though the measurements were restricted to a single location 
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at each measuring point, they may provide a fair estimate for 
the space average across the entire duct cross section, since 
the pressure was found to be quite evenly distributed. 

Figure l6 shows th^^ data obtained for the traverse in the 
upstream direction. Because our sound source v/as omnidirectional 
and the cross section of the test section is substantially the 
same in both directions, the octave band sound pressure levels 
measured at 25 ft and 50 ft from the source agree well v/ith 
those measured in the dov/nstream direction. The levels 
measured at 115 ft distance, however, are considerably smaller 
than those measured for the same distance in the downstream 
direction, because of * substantially larger t'lnnel cross 
section at the upstream side. It is reasonable to assume that 
the mea.‘.:ured levels would have been different if the sound 
source had had a strongly directional radiation pattern, though 
this was not checked experimentally. 

Prom the limited data available, it seems likely that the 
closed tunnel configuration vmuld provide a more practical means 
of evaluating the sound power output of an unknown sound source 
than would the open test section configuration. It is likely 
that t.ie measurement of the sound pressure level in an upstream 
and downstream location would be sufficient to calculate the 
power output. In these locations (i.e., inside the duct), one 
could retain the orientation of a porous-pipe type microphone 
parallel to the flow, which is necessary to take advantage of 
its flow noise cancellation capabilities. 

Therefore, we recofnmend that the feasibility of performing 
valid acoustical measurement in the closed configuration of the 
V/STOL Tunnel should be studied on a scale model of the tunnel. 
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IX. RECOMMENDATIONS 

'The following recommendations are based on the information 
provided by this study; 

1. Noise control measures should be undertaken to reduce the 
level of the boundary layer suction fan noise at least 6 dB 
below the level of the driving fan noise in each octave band, 

2. The feasibility of making valid sound power measurements in 
placing the source in the closed tunnel test section should be 
investigated both theoretically and experiments lly . The majority 
of the experimental work should be conducted in a scale-model 

of the V/STOL Tunnel. Studying the acoustics of the tunnel on 
a scale models instead of in full-scale, has the advantage that 
systematic changes can be undertaken to evaluate their effect 
and that the testing work conducted in the V/STOL Tunnel ’would 
not be disturbed. 

3. Tl'.e feasibility of reducing driving fan noise in the test 
section by applying acoustical wall treatment or inserting 
silencers at strategically located points of the tunnel should 
be studied. A reduction of the driving fan noise would be 
necessary to enable one to measure the sound radiation of 
sources of moderate sound pcwer output, A scale model, we 
think, v/ould provide the most practical means for such a 
study. 

Research and development work directed tov.’ard the design 
of microphones with flow noise rejection capability should be 
encouraged. Directional m" crophones with a flov; noise reduction 
capability, v.fhich is independent of their orientation in respect 
to the flo'w, are essential to making valid acoustical measure- 
ments in the presence of flow. 
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FIG. 1. PLAN VIEW OF THE V/STOL WIND TUNNEL 
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FIG. 3. OCTAV: BAND SPECTRUM OF THE GROUND BELT SYSTEM 
MEASURED AT 3 FT FROM THE DOWNSTREAM END OF THE 
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FIG. 4. OCTAVE BAND SPECTRUM OF THE BOUNDARY LAYER SUCTION 
FAN NOISE IN THE OPEN TEST SECTION WITH THE TUNNEL 
FAN STATIONARY 
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FIG. 5. COMPARISON OF THE FAN NOISE LEVELS MEASURED IN THE 
STREAM BY ‘I’WO DIFFERENT MICROPHONES 
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FIG. 7. OCTAVE BAND SPECTRUM OF THE DRIVING FAN NOISE IN 
TUNNEL TEST SECTION MEASURED UITH THE POROUS PIPE 
MICROPHONE WITH AIR SPEED AS PARAMETER 
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FULL-SCALE TUNNEL 
(27 MPH-71 MPH ) 


V/STOL -TUNNEL | 
(62 MPH -156 MPH) 


AVERAGE 


RANGE OF MEASURED 
VALUES 


SPLn (OCT) = SPL (OCT)- 60 LOGiqU 
SPL (OCT) = OCTAVE BAND SPL IN THE TEST 
SECTION IN dB RE 0.0002 ^BAR 
U = AIR SPEED IN MPH 


ONE -THIRD OCTAVE BAND CENTER FREQUENCY (Hz) 


NORMALIZED OCTAVE BAND SOUND PRESSURE LEVEL OF 
V/STOL AND FULL-SCALE WIND TUNNELS DUE TO THE 
OPERATION OF DRIVING FANS 
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FIG. 12. IMPULSC RESPONSE OF THE OPEN TUNNEL TEST SECTION 
MEASURED IN THE 63-HZ CENTER FREQUENCY OCTAVE 
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